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Abstract 
Exhaust efficiency in tunnel fires with mechanical means was discussed.  Heat exhaust efficiency and smoke exhaust efficiency were 
defined and studied under two different exhaust modes (longitudinal exhaust and transverse exhaust) respectively.  Exhaust efficiency 
depends on smoke generation rate, exhaust rate, heat loss through walls of tunnel, configuration of extraction installations and so on.  
Under smoke extraction, smoke exhaust efficiency equals 1 if a quasi-steady vented stage without upstream outflow forms, otherwise 
smoke exhaust efficiency is less than 1.  Heat exhaust efficiency is always less than 1 since part of the heat released by the fire is lost 
through the solid boundaries of tunnel by radiative and convective heat transfer between the smoke and ceiling lining.  Based on 
experimental data obtained from a series of fire tests in a model tunnel, heat exhaust efficiency was estimated and influencing factors 
were discussed. In tunnel fires with transverse mechanical exhaust system, heat exhaust efficiency varies from 20% to 50%. Heat exhaust 
efficiency increases along with the reduction of the number of exhaust inlets turned on while extracting and decreases along with the 
increase of the area of exhaust inlet. However, quantitative influence of inlet position on exhaust efficiency still need further study and 
will be reported later. 
© 2012 The Authors. Published by Elsevier Ltd.  
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Nomenclature 
A area of flow section (m2) 
2CO
c CO2 concentration of smoke (kg/kg) 
cp specific heat at constant pressure (kJ/kgK) 
m mass flow rate (kg/s) 
Q heat release rate of fire (kW) 
eQ  heat exhaust rate (kW) 
T temperature (K) 
v velocity of gas (m/s) 
eV  exhaust rate (m
3/s) 
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1. Introduction 
Tunnel plays an important role in modern transportation system.  Due to the characteristics of confinement and special 
aspect ratio of longitudinal to cross-sectional dimensions, fires occurring in tunnels generally result in severe casualties and 
property losses. In tunnel fires, most of the victims were killed by smoke. Disasters of tunnel fire reported in recent years [1, 2] 
show that a well-organized smoke management system of tunnel is a key point avoiding or minimizing the damage to the 
occupants.  
Smoke extraction in tunnel can be classified into 2 types according to direction and region of the smoke flow: 
longitudinal and transverse.  Numerous studies have been performed on smoke movement and control in tunnel using 
longitudinal and transverse extraction. Main interests were focused on longitudinal temperature distribution in tunnel, back-
layering of smoke, critical velocity, performance of smoke exhaust and so on[3-10]. Models were proposed for predicting 
smoke movement and assessing performance of smoke control measures. In tunnel fire, performance of exhaust is the final 
and most direct means to judge the design of smoke management system. Therefore, exhaust efficiency is proposed as a 
critical quantitative factor to evaluate the performance of smoke exhaust system.  In the literatures, exhaust efficiency was 
quantitatively defined in many ways, such as area of contaminated region in tunnel, average smoke temperature in tunnel, 
smoke layer height and other properties of smoke in the fire tunnel [11]. 
In this study, exhaust efficiency of mechanical smoke management system of tunnel is reconsidered.  Smoke exhaust 
efficiency and heat exhaust efficiency are recommended and will be discussed separately for both longitudinal and 
transverse smoke exhaust modes.  A model tunnel was built to investigate the exhaust efficiency based on a real tunnel. 
Results of the studies will be presented to show the influencing factor of exhaust efficiency. 
2. Theoretical consideration 
2.1. Exhaust efficiency in tunnel fire 
The purpose of smoke exhaust system of an enclosure is to extract heat and smoke generated by the combustion out in 
case of fire. Tunnel is a special kind of enclosure with big ratio of longitudinal to cross-sectional dimension and two or more 
horizontal openings. In case of fire, heat and gas product of combustion is hard to transport to outside by natural means 
based on buoyancy of smoke and difference of atmospheric pressure at entry and exit of tunnel due to small opening 
factor(the opening factor is given as the ventilation factor divided by the total enclosure surface area). Mechanical exhaust is 
therefore required in long tunnels in many countries [12, 13].  
Efficiency of mechanical exhaust in tunnel can be defined by means of smoke product and heat respectively. Smoke 
exhaust efficiency is defined as the ratio of exhaust rate of smoke to generation rate of smoke: 
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where ,e cm is the exhaust rate of combustion product by exhaust fans, kgs
-1; ,g cm  is the generation rate of combustion 
product of the fire source, kgs-1. As a great deal of uncontaminated air will be entrained into smoke during the transportation 
of combustion product after leaving the reaction region, it is difficult to distinguish which part of gas exhausted is 
combustion product and which part is entrained air at the exhaust outlet.  Smoke exhaust efficiency is eventually calculated 
by tracing a typical species of combustion product according to the chemical properties of the combustible in the extracted 
and generated gas.  For example,  
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where 
2,COe
m and 
2,COg
m  are the exhaust and generation rate of CO2, kg s-1. 
Heat exhaust efficiency is defined as the ratio of exhaust rate of heat to release rate of heat: 
 eh
Q
Q
 (3) 
where eQ is the exhaust rate of heat at the exhaust outlet, kW; Q  is the heat release rate of the fire source, kW. eQ  can be 
computed as the increase of enthalpy of gas at the exhaust inlet (or outlet) against ambient temperature: 
 e p eQ c m T  (4) 
where cp is the specific heat at constant pressure, kJ(kgK)-1; em is the exhaust rate of smoke by exhaust fans, kgs
-1; T is the 
temperature rise of smoke at the exhaust inlet (or outlet), K. 
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2.2. Exhaust modes of tunnel in case of fire 
There are two exhaust modes of smoke in tunnel in case of fire: longitudinal and transverse.  Longitudinal smoke exhaust 
system extracts smoke out by “pushing” smoke along a direction from one side to the other side of the tunnel using jet fans 
or air shaft.  Back layering of smoke commonly appears in longitudinal smoke exhaust and the traveling length of smoke 
back layering depends on longitudinal ventilation velocity, fire source, geometric configuration of the tunnel and so on. 
Longitudinal ventilation velocity is a critical design parameter for longitudinal smoke exhaust system. With big enough 
longitudinal air velocity, all of the combustion product generated by the fire can be blowed out from the tunnel without 
spread out from the upstream opening of the tunnel (back outflow) or even without back layering. After a long enough time, 
a quasi-steady vented stage might eventually form: distribution of smoke in the fire tunnel remains stable. 
Smoke exhaust efficiency of longitudinal exhaust system can be calculated using Eq. (2) in which 
2,COe
m  is the mass 
flow rate of CO2 at the downstream cross-section of the tunnel or the outlet of the smoke exhaust system and  2,COgm  is the 
generation rate of CO2: 
 
2 2,CO COe s e
m uc A  (5) 
 
2,COg f
m m  (6) 
Where u is the average velocity at the exhaust outlet, m/s; s is the density of the smoke at the exhaust outlet, kg/m3; 2COc is 
the mass fraction of CO2 of the smoke, kg/kg; Ae is the area of the exhaust outlet; fm  is the mass consuming rate of the fuel, 
kg/s;  is the CO2 yield fraction of the fuel, kg/kg. Under quasi-steady vented stage without back outflow, all of the 
combustion product is exhausted, therefore smoke exhaust efficiency, s is 1. 
Heat exhaust efficiency of longitudinal exhaust system can be calculated using Eq. (3) and (4): 
 e p s eQ c uA T  (7) 
Transverse exhaust system extracts smoke out by drawing smoke into a special duct constructed in or close to the fire 
tunnel using fans. Smoke inlets are installed along the smoke duct with proper interval and part of those near the fire source 
will be turned on in case of fire. After a long enough time, a quasi-steady vented stage with transverse exhaust also 
eventually forms with proper exhaust rate. Smoke is controlled in an area near the fire. 
Smoke exhaust efficiency of transverse exhaust system can also be calculated by tracing the generation and extraction of 
CO2 with Eq. (2).  For a transverse exhaust system with multiple smoke inlets opened in case of fire, 2,COem  is the total mass 
flow rate of CO2 through the smoke inlets: 
 
2 2,CO , CO , ,e s i i i e i
i
m u c A  (8) 
where ui, s,i, 2CO ,ic  and Ae,i are the average velocity, density of the smoke, mass fraction of CO2 of the smoke and area of 
each exhaust inlet, respectively. Under quasi-steady vented stage without smoke outflow from any opening of the tunnel, all 
combustion products is exhausted, and smoke exhaust efficiency, s is 1. 
Similarly, heat exhausted by transverse exhaust system can be calculated using the following expression: 
 , ,e p s i i e i i
i
Q c u A T  (9) 
or Eq. (7) in which all the variables are valued at the exhaust outlet. Generally, heat exhaust efficiency obtained using Eq. (3) 
and Eq. (9) is slightly bigger than that using Eq. (3) and Eq. (7) since heat will loss while travelling in the smoke duct. 
In transverse smoke exhaust system with multiple smoke inlets opened in case of fire, velocity, temperature and density 
of smoke at each smoke inlet vary due to different distance from the fire and the exhaust fans.  Studies on velocities through 
the smoke inlets and temperature profiles alone the fire tunnel can be found in the literatures [14]. Theoretical consideration 
based on Bernoulli’s law can be performed to obtain the distribution of velocities through the open smoke inlets. 
Entrainment of air by smoke and heat loss of smoke to the solid boundaries of the fire tunnel by convection and radiation 
were considered to yield the longitudinal temperature distribution of smoke. 
Smoke exhaust efficiency and heat exhaust efficiency also can be expressed for individual smoke inlet: 
 2 2
2 2
,CO , , CO , ,
,
,CO ,CO
e i s i i i e i
s i
g g
m u c A
m m
 (10) 
 , ,,,
p s i i e i ie i
h i
c u A TQ
Q Q
 (11) 
Relationships between total exhaust efficiency and individual efficiency of each smoke inlet are: 
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3. Experimental data on heat exhaust efficiency with transverse exhaust system 
A model tunnel was built to investigate exhaust efficiency in tunnel with transverse exhaust system[15]. The model tunnel 
is 52.5 m long with total cross-sectional area of about 0.65 m2. Smoke duct is built in the tunnel with cross-sectional area of 
about 0.09 m2.  The tunnel is made up of 21 sections with bolted connection and constructed using cold rolled sheet steel 
with thickness of 2 mm and 4 mm (thickness of steel in in the middle 3 sections of the tunnel is 4 mm).  Each section is 2.5 
m long and labeled as L10, L9, …, L2, L1, Fire, R1, R2, … , R9, R10, respectively. 
Two exhaust fans with volume flux of 0.19 m3/s are installed at the ends of smoke duct. Smoke inlet is in the centre of 
the transverse clapboard of each section. Area of each smoke inlet can be adjusted up to 0.1 m2. 
Pool fire with methanol as the fuel is located in the Fire section. Calibrated heat release rate of the fire used in the 
experiments was 90 kW. 
8 tests were conducted as listed in Table 1.  The ambient temperature of each test was about 18 oC. 
Distribution of temperature and velocity in the smoke duct was monitored in the experiments. Type K bare bead 
thermocouples with diameter of 0.5 mm were used to measure the temperature of gas in the tunnel.  Flow velocities were 
obtained from temperature data and pressure difference data measured by differential manometer and Pitot tube. 
Configuration of measuring points of temperature and velocity is shown in Fig. 1. Temperature and velocity were 
measured at the joint of adjacent sections in the smoke duct. Density of smoke was calculated from the temperature using 
equation of ideal gas. Smoke temperature, flux and velocity through each open smoke inlet therefore were measured and 
calculated using thermocouple and data measured in smoke duct, respectively. 
                                 Table 1. Conditions of each test 
Test 
No. 
Exhaust rate 
( eV ) 
Sections with opened exhaust inlets in 
experiment 
Area of each 
exhaust inlet (Ae,i) 
T01 L6,L5,L4,L3,L2,L1,R1,R2,R3,R4,R5,R6 0.025 m2 
T02 L6,L5,L4,L3,L2,L1,R1,R2,R3,R4,R5,R6 0.040 m2 
T03 L6,L5,L4,L3,L2,L1,R1,R2,R3,R4,R5,R6 0.060 m2 
T04 L6,L5,L4,L3,L2,L1,R1,R2,R3,R4,R5,R6 0.080 m2 
T05 L4,L3,L2,L1,R1,R2,R3,R4 0.025 m2 
T06 L4,L3,L2,L1,R1,R2,R3,R4 0.040 m2 
T07 L4,L3,L2,L1,R1,R2,R3,R4 0.060 m2 
T08 
0.38 m3/s 
L4,L3,L2,L1,R1,R2,R3,R4 0.080 m2 
 
Fire was burned for more than 10 minutes in each test. Temperature and velocity distribution in the model tunnel 
remained quasi steady after 300 seconds after ignition. All smoke was drawn into the smoke duct and no smoke was 
observed flow out from the openings of the model tunnel in all the tests. Smoke exhaust efficiency of the transverse exhaust 
system in each test equaled 1. 
Temperature and velocity data during the time interval from 300s to 600s after ignition were averaged and regarded as 
the temperatures and velocities in the model tunnel in quasi-steady vented stage, as listed in Table 2. Total and individual 
heat exhaust efficiency at the quasi-steady stage were also calculated and shown in Table 2. 
Due to well heat transfer condition for heat loss through the metal walls of the model tunnel, total heat exhaust efficiency 
( h) in each test is less than 50%. Also, it can be observed that heat exhaust efficiency increases along with the reduction of 
exhaust inlets. Dependence of heat exhaust efficiency on area of the exhaust inlet seems not clear but it is approximate that 
heat exhaust efficiency decreases along with the increase of the area of exhaust inlet. 
Heat exhaust efficiency of a single exhaust inlet depends on both smoke temperature and flow velocity through it. Higher 
efficiency will be got with bigger exhaust rate and higher temperature of smoke. However, high temperature and big exhaust 
rate for an inlet is a contradiction: inlet with bigger exhaust rate is close to the exhaust fan but far from the fire which will 
result in lower temperature of smoke, inlet with hotter smoke is close to the fire but far from the exhaust fan which will 
cause smaller exhaust rate. Individual heat exhaust efficiency varies with the position of the exhaust inlet. It is observed 
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from Table 2 that the value of individual heat exhaust efficiency is smallest at the farthest exhaust inlet from the fire.  While 
the heat exhaust efficiency of the inlet adjacent to the farthest one or adjacent to the fire keeps bigger than of others. More 
detailed studies of the influence of inlet position on exhaust efficiency will be further discussed in another paper. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Illustration of experimental arrangement for (a) plan of the model tunnel, (b) cross section of the model tunnel and (c) position of measuring points 
of temperature and velocity 
(unit: mm) 
Table 2. Velocity, temperature of smoke and heat exhaust efficiency of each smoke inlet  
Velocity (vi), temperature (Ti) and heat exhaust efficiency ( h,i) of each smoke inlet Test 
No. Inlet L6 L5 L4 L3 L2 L1 Fire R1 R2 R3 R4 R5 R6 
vi (m/s) 2.98 2.21 1.70 1.19 0.82 0.86 - 0.88 0.88 1.20 1.74 2.24 3.04 
Ti  (oC) 29.95 84.00 122.03 152.50 203.32 264.27 - 300.92 204.35 184.50 123.21 89.00 26.81
h,i  (%) 1.16 4.03 4.42 3.70 3.15 3.87 - 4.27 3.37 4.30 4.56 4.33 0.88
T01 
h (%) 42.05
vi (m/s) 2.42 1.30 0.75 0.32 0.40 0.47 0.42 0.38 0.30 0.70 1.25 2.55 
Ti  (oC) 25.40 66.00 93.84 147.50 181.62 213.67 - 243.02 149.89 169.00 118.34 79.00 28.99
h,i  (%) 0.95 2.91 2.45 1.57 2.30 2.97 - 2.91 1.87 1.64 2.81 3.40 1.46
T02 
h (%) 27.23
vi (m/s) 7.10 3.46 1.18 0.56 1.04 1.28 - 1.25 1.27 0.42 1.17 3.15 6.92
Ti  (oC) 25.69 66.00 115.40 147.50 197.40 252.30 - 285.65 190.98 169.00 135.92 79.00 29.33
h,i  (%) 1.37 3.66 2.21 1.29 2.97 4.27 - 4.48 3.54 1.07 2.52 4.08 1.94
T03 
h (%) 33.41
vi (m/s) 2.25 1.09 0.37 0.18 0.33 0.40 0.40 0.40 0.13 0.37 1.00 2.19 
Ti  (oC) 27.57 94.00 113.19 150.00 194.09 267.61 - 234.74 188.39 182.00 134.93 116.50 28.20
h,i  (%) 1.93 4.46 0.47 0.68 1.62 5.94 - 6.17 2.14 1.22 0.60 4.82 1.89
T04 
h (%) 31.94
vi (m/s) - - 3.27 2.34 1.90 1.74 1.74 1.99 2.30 3.31 - - 
Ti  (oC) - - 28.31 139.00 217.80 288.49 - 322.10 183.66 156.00 27.78 - - 
h,i  (%) - - 1.10 6.77 7.62 8.24 - 8.76 7.12 7.28 1.06 - - 
T05 
h (%) 47.96
vi (m/s) - - 2.72 1.28 0.67 0.69 0.67 0.65 1.19 2.68 - - 
Ti  (oC) - - 28.55 145.00 212.59 249.15 - 271.24 170.07 182.00 33.73 - - 
h,i  (%) - - 1.50 6.15 4.24 4.81 - 4.92 3.49 6.78 2.16 - - 
T06 
h (%) 34.05
vi (m/s) - - 2.19 1.12 0.39 0.65 0.37 0.36 1.15 1.99 - - 
Ti  (oC) - - 28.04 150.00 201.06 249.07 - 238.75 178.20 175.00 30.26 - - 
h,i  (%) - - 1.73 8.24 3.52 6.75 - 3.77 3.00 9.51 1.90 - - 
T07 
h (%) 38.43
vi (m/s) - - 1.58 0.65 0.18 0.71 0.52 0.37 0.81 1.66 - - 
Ti  (oC) - - 32.32 148.00 193.34 244.00 - 227.20 185.91 184.00 36.03 - - 
T08 
h,i  (%) - - 2.33 6.37 2.14 9.72 - 6.92 4.27 9.31 3.06 - - 
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h (%) 44.13
 
4. Conclusions 
Exhaust efficiency is a key point of smoke management system in tunnel. There are varies of ways and parameters for 
measuring exhaust efficiency of a smoke management system in tunnel in case of fire. Smoke exhaust efficiency and heat 
exhaust efficiency were discussed respectively for longitudinal and transverse exhaust system of tunnel in this study. Data 
of a series of experiments carried out in a model tunnel is presented and used to show the regularity of heat exhaust 
efficiency of transverse exhaust system of tunnel.  
Smoke exhaust efficiency ( s) in quasi-steady vented stage depends on whether there is upstream smoke outflow from 
the openings of the fire tunnel: 1 without smoke outflow and less than 1 with smoke outflow. 
For transverse exhaust system, exhaust efficiency can be taken as the sum of individual exhaust efficiency of each inlet. 
Heat exhaust efficiency depends on exhaust rate, fire power, configuration of exhaust inlets and boundary conditions of the 
fire tunnel. Experimental data of a model tunnel show that heat exhaust efficiency is less than 50% due to well heat transfer 
condition. Heat exhaust efficiency increases along with the reduction of the number of exhaust inlets opened while 
extracting. Dependence of heat exhaust efficiency on area of the exhaust inlet seems not clear but it is observed that heat 
exhaust efficiency decreases along with the increase of the area of exhaust inlet. 
Individual heat exhaust efficiency varies with the position of the exhaust inlet. Value of individual heat exhaust 
efficiency is smallest at the farthest exhaust inlet from the fire.  While the heat exhaust efficiency of the inlet adjacent to the 
farthest one or adjacent to the fire is bigger than of others. Quantitative influence of inlet position on exhaust efficiency still 
need further study. 
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